We investigate transmission efficiency and finite size effects for the subwavelength hole arrays. Experiments and simulations show how the finite size effects depend strongly on the hole diameter. The transmission efficiency reaches an asymptotic upper value when the array is larger than the surface plasmon propagation length on the corrugated surface. By comparing the transmission of arrays with that of the corresponding single holes, the relative enhancement is found to increase as the hole diameter decreases. In the conditions of the experiments the enhancement is one to two orders of magnitude but there is no fundamental upper limit to this value.
Introduction
It is now well established that an array of subwavelength apertures in an opaque metal film can give rise to a transmission much larger than the sum of the transmissions of the individual holes taken separately. The transmission enhancement relies on the resonant excitation of surface plasmons (SPs) by the incident light. This interaction is made possible by the additional momentum (grating momentum) provided by the scattering of the incident light by the hole array [1, 2, 3] . In addition, excitation of localized surface plasmons [4] [5] [6] and other modes [7] [8] [9] [10] [11] may also play a role in the process although the grating momentum appears to define the main resonances of the transmission spectrum [3, 12, 13] , specially in the case of arrays of circular holes. As the number of period increases, the structure factor peaks appearing at reciprocal lattice vectors get better defined, the size of the structure is therefore expected to influence the coupling of light with SPs. Indeed, experimental measurements in the infrared [14] , in the THz wave region [15] and in the visible [16] confirm this expectation. In addition, finite size also affects the re-emission pattern from the array [17] .
Since arrays of apertures are always finite, it is important to understand in detail all the consequences of the actual size for both fundamental reasons and when considering the numerous applications of such structures [3] . In the following, we report both experimental and theoretical work on finite size effects in 2D arrays of subwavelength holes in the visible, focusing on the spectral response of arrays, the role of the SP propagation length and its connection to the maximum enhancement factor that can be achieved for the transmission.
Finite size effects in the enhanced transmission phenomenon
For the first part of this study, we fabricated finite square arrays of sub-wavelength holes of different sizes. The structures milled through a 275nm freestanding Ag film using focused ion beam (FIB, Ga ions), consist of holes arranged in a square lattice of period P = 600nm. The advantage of a freestanding metal film is that the dielectric constant is the same on both sides of the film, a configuration that optimizes transmission efficiencies [18] . An optical microscope coupled to a spectrometer was used to measure the transmission spectra of the samples that were illuminated by a collimated incident beam at normal incidence. The transmitted light is collected with a 40× objective (with 0.6 numerical aperture).
We recall that the transmission spectra of such arrays are characterized by resonances (peaks in the transmission spectra) which are related to a (i, j) scattering order of the array. The wavelength of these resonances are given in a first approximation [1] , by:
where ε m and ε d are respectively the dielectric constants of the metal and the dielectric (in this case air), and P the period of the array. The actual peaks are red-shifted compared to the predictions of Eq. (1) since it doesn't take into account the presence of holes and scattering losses. Nevertheless it provides a simple means to label and associate the various peaks with the corresponding (i, j) scattering order. At first we measured the transmission spectra of arrays with increasing number of holes (N) with constant diameter d = 268nm as shown in Fig. 1(a) . The peaks can be labelled by (i, j) according to the predictions of Eq. (1). Let us focus on the (1, 0) peak at around 680nm which is spectrally isolated. The maximum transmission increases with N, and eventually exceeds unity as normalized to the hole area. In this regime, the photon flux emerging from a given aperture is larger than the flux incident on this aperture. This corresponds to the extraordinary optical transmission (EOT) regime [1] . With the particular parameters of this sample, this special condition is already fulfilled for the 21 × 21 hole array. It should be also noted that the resonance peak profile becomes asymmetric with a blue shift as N increases. This is consistent with an increase in the SP resonant contribution with respect to that of the direct transmission through the holes. Consequently as the SP mode becomes spectrally better defined with N, it takes on the typical asymmetrical shape expected from the Fano analysis [19, 20] .
The calculation of the transmission spectra in infinite periodic arrays can nowadays be done with arbitrary precision, for instance by using the finite difference time domain method (FDTD) [21] . This method compares very well with experiments in the limit of very large arrays. Smaller arrays, however, can only be approximately treated. In this work, calculations have been carried out using a theoretical framework based on a modal expansion (ME) of the electromagnetic fields in the different regions of the structure. Details of this numerical technique, which is ideally suited to treat finite collections of indentations drilled on a metallic film, can be found in Ref. [13] . Let us briefly sketch here the basic approximations used in order to treat real metals. In a first step, the metal is approximated by a perfect conductor. Then, surface impedance boundary conditions (SIBCs) are applied to the horizontal interfaces of the film in order to take into account the finite dielectric constant of the metal at optical frequencies. For both Ag and Au, the dielectric constants were fitted from tabulated optical data [22] , using the DrudeLorentz model and the procedure reported in [23] . When considering the propagation constant of the fundamental mode inside the hole waveguide, we take its value from an independent calculation done for a circular hole perforated on a real metal (in this case, Ag). Additionally, in order to consider the penetration of the electromagnetic fields inside the metal, the diameter of the holes is (phenomenologically) enlarged by two times the skin depth of the metal [2] . In order to estimate the validity of the ME approach, inset of Fig. 1(b) shows the comparison between FDTD transmission spectra (computed for a mesh size of 5nm) and the ME ones for an infinite periodic array. The ME results nicely reproduce the existence of EOT peaks. However, for these geometrical parameters, which are typical in EOT experiments, the ME predicts transmission peaks that are blueshifted by about 25nm from FDTD. Also, while the integrated resonant transmission computed within the ME is very close to the "exact" value predicted by FDTD, approximated peaks are about 40% higher and about 40% narrower. These are values to keep in mind when comparing with experiments since they indicate that the ME results will have only semiquantitative value. Nevertheless, as the comparison with experimental data in this work will show, trends in the dependences on the different geometrical parameters are well captured by the ME approximation. Figure 1(b) renders the computed results of the transmission spectra of arrays with the same geometrical parameters as in the experiments. The observed evolution of the experimental transmission spectrum as the number of holes is increased is well reproduced in our theoretical calculations. In order to have more insights into the phenomenon, we repeated the experiment for different hole diameters. The measurements, presented in Fig. 2(a) , follow the same tendency as described previously, i.e., maximum transmitted intensity rises as N increases. However as can be seen, the larger the hole diameter, the faster a transmission saturation is reached. As seen on Fig. 2(c) , theoretical calculations based on ME clearly capture experimental trends, with however slight differences in intensities. As stressed above, ME calculations always predict higher transmissions and smaller FWHMs than FDTD simulations. This amounts to a systematic difference in the theory that is sufficient to explain the discrepancies between experiments and ME simulations, as seen when comparing Figs. 2(a) and (c). Nevertheless both simulations and experimental capture the fact that the transmission increases with the size of the array and reaches a saturation. The rate at which the transmission reaches saturation increases with d.
To reveal the underlying mechanism it is interesting to follow the full widths at half maximum (FWHM) of the resonances, which is a measure of the lifetime of the SPs on the array [2, 24] . As shown in Fig. 2(b) , for all the diameters considered, FWHM decreases towards horizontal asymptotes as N is increased. These lower limits correspond to the total losses of the systems, i.e. internal (absorption inside the metal) and radiative losses (largest contribution). As can be seen in our experiments, the value of these asymptotes increase with the hole diameter. Given the fact that all the structures where milled in the same film with the same level of precision, this tendency can be explained by the fact that increasing the hole diameter increases the scattering undergone by the SPs over the array and, therefore, increases the radiative losses and the value of the asymptotes [24] . Considering these asymptotic values and assuming an exponential decay of the SPs, it is possible to evaluate the maximum propagation length of SP (l SP max ) for an infinite array. We obtain values of ∼ 2.4μm and ∼ 3.4μm for hole diameters respectively of 294nm and 268nm while a value larger than 4μm for the 216nm diameter case. Keeping in mind that the key element allowing enhanced transmission is the SP propagation over several periods of the array, it is clear that the maximum transmission of the array will reach saturation when its lateral size becomes much bigger than l SP max . Figure 2 (d) presents the theoretical FWHM. As with the transmission intensities, the experimental trends are well reproduced by the simulations despite the difference in absolute values as discussed earlier. Interestingly, for low number of holes the resonance becomes sharper as d increases, the SP scattering by the holes becoming more effective. This is exactly the opposite of what happens in the large number of holes limit we discussed previously.
The above experiments show that as the hole diameter decreases for a given period, the SP propagation length increases, resulting in larger field enhancements on the surface of the array. Consequently, the transmission efficiency relative to a single hole is expected to rise when d decreases. Moreover, calculations (data not shown) indicate that the transmission efficiency of an infinite array increases with the ratio P/d.
Relative efficiency of the enhanced transmission
To have an idea of the relative enhancement that can be achieved, we compared the transmission of an hole array to the transmission of a single isolated hole. For this part of the study, we fabricated square arrays made up of 40 × 40 holes (P = 430nm) and their corresponding single holes, for hole diameters of d = 150, 200, 250 and 300nm. Scanning electron microscope (SEM) images for the d = 300nm case are rendered in Fig. 3 . All the structures were milled in the same 295nm Au film deposited on glass substrate. An index matching liquid tuned to the refractive index of glass is put afterwards on top of the structure in order to work again in a symmetrical configuration. At this point it must be stressed that great care was taken during the fabrication process to achieve the same quality in milling large hole arrays and single isolated holes. The choice of the 40× 40 size array was large enough for the transmission to be at saturation for four diameters considered (in the presence of index matching liquid) and still allow the fabrication of high quality hole arrays within discretization capacity of the FIB. SEM images of our structures show that geometrical parameters differ by less than 10nm from the specified value.
Optical characterisation of a single hole is a delicate task. Indeed a single subwavelength hole, as point source, diffracts strongly over a large spectral range, inducing geometrical aberrations. Therefore, great care must be taken in measuring single holes under a microscope to obtain the correct spectral data. Measurements were made at different focal planes to correct for the chromatic aberrations and checked against values obtained in narrow spectral windows with bandpass filters (data not shown here). A second major issue arises from the finite collecting angle of our setup. Indeed, while textbooks predict that such small apertures emit over 2π, emission pattern studies indicate that this is probably not the case for such apertures in metal films [5, 25] . Nevertheless we collected the single holes transmission with a high numerical aperture (NA) objective, namely an oil immersion objective (Nikon Plan Fluor 100×) with adjustable NA. We measured transmission spectrum of single hole with increasing NA (see Fig.  4 . for d = 300nm), measured intensity increase with NA as we collect a bigger fraction of the emission pattern of the single hole and eventually reach saturation (see inset of Fig. 4 .) indicating that most of the emission pattern has been collected. Saturation occurs for a collection fraction of approximately a quarter of the the half sphere, corresponding to a diffraction angle of roughly ±40 • in good agreement with previous investigations [5, 25] . Although an increase of the directivity of the diffracted field is expected as d and/or ε m increase [26, 27] , we evaluated this effect to be negligeably small within our measurement conditions.
Figures 5(a) and 5(b) show the transmission spectra of hole arrays and those of the corresponding single holes. As expected the transmission increases with hole diameter, being enhanced at some wavelengths or suppressed at other wavelengths as compared to the isolated holes. Furthermore the transmission peaks become broader with increasing hole diameter as we have already discussed before and show a slight red shift as already observed [28] . In addition transmission value at transmission minima increases with the hole diameter indicating that direct transmission through the hole array increase. Note that Fabry-Perot modes have been pre- dicted to give a strong spectral signature when the holes are filled with a high index dielectric [29] . In the index matching conditions used here, calculations (not shown) indicate that such Fabry-Perot modes are very weak and broad which explains why their spectral signature is not apparent.
The ratio of the transmission of the array to that of the single hole over the whole spectral window is shown in Fig. 6(a) . This representation permits us to easily follow the enhancement factor of an array relative to a single isolated hole. At the main resonance this enhancement is approximately 8, 12, 18 and 40 for d = 300, 250, 200 and 150nm respectively. The resonance at smaller wavelength corresponding to the (1, 1) mode display much smaller enhancement due to the fact that Au becomes increasingly unfavourable to SPs as the wavelength decreases [30] . Below ca. 500nm, SPs cannot be sustained due to the value of the real part of the Au dielectric constant [30] . Theoretical results are rendered in Figs. 5(c), 5(d) and 6(b) showing a good qualitative agreement with the experimental findings. In these calculations we have assumed that the holes are also filled with a dielectric of refraction index equal to 1.53.
It is interesting to note that outside of the SP resonances of the hole arrays, the transmission ratios are roughly unity and essentially independent of hole diameter. On the other hand, the enhancement factor at resonance does increase as the diameter decreases, since the SP propagates further, as discussed earlier. This confirms yet again the importance of SPs in enhancing the transmission of hole arrays.
Conclusion
When compared to early theoretical predictions such as the work of Bethe [31] , the EOT phenomenon gives rise to orders of magnitude more transmission through subwavelength apertures. However, such studies did not consider transmission resonance observed experimentally for single hole in optically thick metal films [5] . Such resonance features are also reproduced in recent numerical simulations [7] [8] [9] [10] [11] . The presence of a resonance in the single hole transmission spectra can already enhanced the transmission at selected wavelengths making array enhancement also dependent on the hole shape [4] [5] [6] . The transmission enhancement of an array relative to a single hole is therefore totally dependent on geometrical factors and as a consequence it is also wavelength dependent [30] . Nevertheless, the presence of well-defined SP resonances related to the periodicity of the array further enhances the transmission by one to two orders of magnitude as shown here. The best enhancement are obtained when the array is larger than the SP propagation length and the relative enhancement increases as hole diameter decreases. Although in the practical implementation, materials and fabrication issues will limit the maximum enhancement that can be reached, it is important to note that there is no theoretical fundamental upper limit to the possible enhancement attainable in the EOT process.
